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(57) ABSTRACT

A light source and method for fabricating the same are dis-
closed. The light source includes a substrate and a light emit-
ting structure. The substrate has a first surface and a second
surface, the second surface including a curved, convex sur-
face with respect to the first surface of the substrate. The light
emitting structure includes a first layer of a material of a first
conductivity type overlying the first surface, an active layer
overlying the first layer, the active layer generating light when
holes and electrons recombine therein, and a second layer
includes a material of a second conductivity type overlying
the active layer and a second surface opposite to the first
surface. A mirror layer overlies the light emitting structure.

23

22
21 ™

\

34¢



Patent Application Publication Sep. 2,2010 Sheet1 of 6 US 2010/0219440 A1

(PRIOR ART)

FIGURE 1A
(PRIOR ART)
FIGURE 1B

_/

27C

/\
29~

25
\\\/
N

21\./

20\



Patent Application Publication Sep. 2,2010 Sheet2 of 6 US 2010/0219440 A1

34¢

W
FIGURE 2

30



Sep. 2,2010 Sheet 3 of 6 US 2010/0219440 A1

Patent Application Publication

¢ HdNDIA

HLVILSHNOS ANV LSISHIOLOHd HO.LA n

H

LSISHTIOLOHd MOTAHY OL LVAH A'1ddV ~N

N
SANVIST OINI dHAVT LSISHIOLOHd NYHLLVd | Z0¢

HIA AT OLNI dHdVM HLVIIDNIS 90¢

q43

HNIO4 NdHd ATSNOIAHAd HAVH YAV T AOYUIN V
ANV SYHAVT AT HOHM NO OVAINS OL HLISOddO
HOVAAOS YAV NO d4AVT LSISHTHOLOHd dLVAdD

)
1013




Patent Application Publication Sep. 2,2010 Sheet 4 of 6 US 2010/0219440 A1

\42B

45

45

K42A

4~

FIGURE 4A
FIGURE 4B



Patent Application Publication Sep. 2,2010 SheetSof 6 US 2010/0219440 A1

FIGURE 4C
FIGURE 4D



Patent Application Publication Sep. 2,2010 Sheet 6 of 6 US 2010/0219440 A1

FIGURE 4E
FIGURE 4F



US 2010/0219440 Al

INVERTED LED STRUCTURE WITH
IMPROVED LIGHT EXTRACTION

BACKGROUND OF THE INVENTION

[0001] Lightemitting diodes (LEDs) are an important class
of solid-state devices that convert electric energy to light.
Improvements in these devices have resulted in their use in
light fixtures designed to replace conventional incandescent
and fluorescent light sources. The LEDs have significantly
longer lifetimes and, in some cases, significantly higher effi-
ciency for converting electric energy to light.

[0002] The cost and conversion efficiency of LEDs are
important factors in determining the rate at which this new
technology will replace conventional light sources and be
utilized in high power applications. Many high power appli-
cations require multiple LEDs to achieve the needed power
levels, since individual LEDs are limited to a few watts. In
addition, LEDs generate light in relatively narrow spectral
bands. Hence, in applications requiring a light source of a
particular color, the light from a number of LEDs with spec-
tral emission in different optical bands is combined. Thus, the
cost of many light sources based on LEDs is many times the
cost of the individual LEDs.

[0003] The conversion efficiency of individual LEDs is an
important factor in addressing the cost of high power LED
light sources. The conversion efficiency of an LED is defined
to be the ratio of optical power emitted by the LED to the
electrical power dissipated. Electrical power that is not con-
verted to light in the LED is converted to heat that raises the
temperature of the LED. Heat dissipation places a limit on the
power level at which an LED operates. In addition, the LEDs
must be mounted on structures that provide heat dissipation,
which, in turn, further increases the cost of the light sources.
Thus, ifthe conversion efficiency of an LED can be increased,
the maximum amount of light that can be provided by a single
LED can also be increased, and hence, the number of LEDs
needed for a given light source can be reduced. In addition,
the cost of operation of the LED is also inversely proportional
to the conversion efficiency. Hence, there has been a great
deal of work directed to improving the conversion efficiency
of LEDs.

[0004] For the purposes of this discussion, an LED can be
viewed as having three layers, the active layer sandwiched
between two other layers that form a p-i-n diode structure.
These layers are typically deposited on a substrate such as
sapphire. It should be noted that each of these layers typically
includes a number of sub-layers.

[0005] Improvements in materials have led to improve-
ments in the efficiency of light generated in the active layer.
GaN based LEDs have shown particular promise in terms of
increased light conversion efficiency with respect to the active
layer. Unfortunately, these materials have a very high index of
refraction, and hence, light may be trapped within the LED
due to internal reflection at the air-LED boundary or other
boundaries at which light traveling in a material of high index
of refraction encounters a material of a lower index of refrac-
tion. A significant fraction of the trapped light is lost due to
absorption in the GaN materials. In the case of conventional
GaN-based LEDs on sapphire substrates, approximately 70%
of'the light emitted by the active layer remains trapped within
the LED unless the simple planar layer LED structure is
altered.

[0006] Several techniques have been described to improve
light extraction from LEDs by minimizing this type of inter-
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nal trapping. One class of techniques operates by randomiz-
ing the angles with which light rays that strike an internally
reflecting boundary are reflected from that boundary. if an
LED is constructed from parallel planar layers, a ray that
strikes a first boundary at an angle greater than the critical
angle at an interface between two layers of different indices of
refraction will be reflected internally toward a second bound-
ary. This ray will strike the second boundary at the same angle
at which the ray struck the first boundary, and hence, be
reflected back toward the first boundary at the same angle.
Hence, the ray is trapped between the boundaries and will
either eventually be absorbed by the materials or exit through
a side surface of the LED. By roughening one of the bound-
aries, the correlation between the angle at which a ray strikes
a boundary on a first reflection and the angle at which that ray
strikes that boundary on a second reflection is significantly
reduced, or eliminated. Hence, each time a ray strikes a
boundary, the ray has a finite chance of escaping even if that
ray was reflected internally at the previous reflection of that
ray.

[0007] However, there are limits on the degree of roughen-
ing that can be achieved without introducing other problems
that impact the efficiency of the LED through other mecha-
nisms. The degree of roughening that can be obtained though
shaping of the top surface of the LED is limited by the thick-
ness of the p-layer, which is usually the layer that is exposed
after the layers are fabricated. The p-layer material has a
significantly higher growth temperature, and hence, the thick-
ness of this layer must be held to a minimum during epitaxial
growth to prevent degradation of the underlying active layer.
However, the layer must be thick enough to allow the layer to
be roughened sufficiently to scatter light that strikes the layer.
The scattering structures must have dimensions that are of the
order of the wavelength of the light that is being scattered to
provide efficient scattering. Hence, the p-layer must have a
thickness that can be roughened to provide features of the
order of the wavelength of the light generated in the active
layer and still remain intact. This trade-off limits the degree to
which the internal reflection problem can be addressed by
roughening the surface of the LED.

[0008] Another set of techniques that addresses the issue of
light trapping involves providing a curved surface at the face
of'the LED through which light exits. If the curved surface is
large compared to the LED, light leaving the LED at any
angle will encounter the surface at an angle less than the
critical angle and escape. This solution is typically applied at
the packaging level by covering the LED with a layer of
material that has a convex surface. The layer of material,
however, is constructed from a material that has an index of
refraction that is significantly less than that of the GaN layers
from which the LED is constructed. Hence, while light that is
emitted into this interface layer escapes with high efficiency,
light is still trapped in the LED due to internal reflections at
the boundary of the interface layer and the LED.

[0009] In addition, this solution requires a surface that is
much larger than the LED, and hence, increases the size of the
light source. Furthermore, the interface structure complicates
the packaging of the LED in that it requires the light source
manufacturer to mold the interface structure as part of the
packaging operation.

SUMMARY OF THE INVENTION

[0010] The present invention includes a light source and
method for fabricating the same. The light source includes a
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substrate and a light emitting structure. The substrate has a
first surface and a second surface, the second surface includ-
ing a curved, convex surface with respect to the first surface of
the substrate. The light emitting structure includes a first layer
of a material of a first conductivity type overlying the first
surface, an active layer overlying the first layer, the active
layer generating light when holes and electrons recombine
therein, and a second layer that includes a material ofa second
conductivity type overlying the active layer and a second
surface opposite to the first surface. A mirror layer overlies
the light emitting structure.

[0011] In one aspect of the invention, the curved convex
surface is chosen such that a light ray generated in the active
layer that is initially reflected from the surface due to internal
reflection subsequently strikes the curved convex surface at
an angle that is less than the critical angle to the surface at that
point on the surface.

[0012] Inanotheraspectofthe invention, the curved convex
surface is created by patterning a photoresist layer on said
substrate in which the photoresist layer has a surface profile
that is similar to said curved convex surface. The photoresist
layer and substrate are then etched using an etching system
that attacks both surfaces.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIGS. 1A and 1B are simplified cross-sectional
views of a prior art GaN-based inverted LED structure.
[0014] FIG. 2 is a simplified cross-sectional view of part of
a wafer including an LED 30 according to one aspect of the
current invention.

[0015] FIG. 3 is a flow chart for a fabrication method
according to the present invention.

[0016] FIGS. 4A-4F are cross-sectional views of a portion
of a wafer at various points in the fabrication process.

DETAILED DESCRIPTIONS OF THE
PREFERRED EMBODIMENTS OF THE
INVENTION

[0017] The manner in which the present invention provides
its advantages can be more easily understood with reference
to FIGS. 1A and 1B, which are simplified cross-sectional
views of a prior art GaN-based inverted LED structure. LED
10 is constructed by growing three layers on a sapphire sub-
strate 24. The first layer 21 is an n-type GaN material. The
second layer is a p-type GaN layer 23. The third layer 22 is an
active layer that emits light when holes and electrons from
layers 21 and 23 combine therein. Each of these layers may
include a number of sub-layers. Since the functions of these
sub-layers are well known in the art and are not central to the
present discussion, the details of these sub-layers have been
omitted from the drawings and the following discussion.

[0018] Light that is generated in layer 22 leaves layer 22 at
all possible angles. An example of light that successfully
leaves the LED after passing through boundaries 28 and 29 is
shown at 27A. Some of the light leaving layer 22, as shown at
27B in FIG. 1A, encounters boundary 28 between LED layer
21 and substrate 24 at a large enough angle to suffer total
internal reflection, and becomes trapped between boundary
28 and mirror 25. Another portion of the light leaving layer
22, as shown at 27C in FIG. 1A, encounters boundary 28 at an
angle below the critical angle for that boundary and passes
through it, but then encounters boundary 29 between sub-
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strate 24 and air at a large enough angle to suffer total internal
reflection, and becomes trapped between boundary 29 and
mirror 25.

[0019] Light becomes trapped between two boundaries
because there is a correlation between the angle at which light
strikes a boundary in subsequent reflections and the angle at
which light struck that boundary during the first reflection.
For example, if light is reflected from boundary 29 because
the light strikes the boundary at an angle greater than the
critical angle, that light will be directed back to mirror 25 and
will then be reflected back to boundary 29. Since the bound-
aries are parallel, this light will again strike boundary 29 at the
same angle that the light struck boundary 29 in the previous
encounter with that boundary. Hence, the light will again be
reflected by boundary 29. Hence, the light becomes trapped
between the two boundaries and is either absorbed in the
material of the LED or exits at the end of the LED.

[0020] The amount of light that is trapped between mirror
25 and either boundary 28 or 29 can be reduced by providing
a rough surface 26, as shown in FIG. 1B. LED 20 is con-
structed in a manner similar to LED 10 except that the top
surface of layer 23 has been roughed by etching as shown at
26. Rough surface 26 randomizes the angles at which light
incident on surface 26 subsequently strikes boundaries 28 and
29. Consider boundary 28. Light that strikes boundary 28 at
an angle greater than the critical angle will be reflected back
toward minor 25. The rough surface randomizes the angle at
which that light leaves mirror 25. That is, there will be a
spread in the angles of reflection of the light striking mirror
25. Hence, some fraction of the light leaving mirror 25 will
now strike boundary 28 at an angle less than the critical angle
and pass through the boundary as shown at 27D and 27E. The
remaining light will again be directed to mirror 25 and
reflected over a range of angles back toward boundary 29.
Hence, rough surface 26 improves the extraction efficiency of
the LED in the prior art structure of FIG. 1B.

[0021] While roughening the surface of layer 23 improves
the light extraction efficiency of LED 20 relative to LED 10,
the roughening leads to other problems. First, the mirror is
typically formed by depositing a layer of a metal such as
silver or aluminum on the top surface of layer 23. If the top
surface of layer 23 is rough, the reflectivity of the mirror is
substantially reduced due to surface plasmon effects. Hence,
a substantial fraction of the light is lost.

[0022] Second, the amount of surface roughening that can
be provided through shaping of the top surface is limited by
the thickness of layer 23. Layer 23 is typically the p-type
semiconductor layer. For many semiconductor material sys-
tems such as GaN, the p-type material has a very high resis-
tivity. In addition, this p-GaN layer requires significantly
higher growth temperature than that of the underlying active
layers. To minimize degradation of the active layer, the thick-
ness of the p-GaN layer is chosen to be as small as possible.
To provide adequate roughening, the layer must have a thick-
ness that provides scattering features that are of the order of
the wavelength of the light generated in the active layer while
still providing an intact continuous layer. Hence, there is a
tradeoff between internal quantum efficiency and light scat-
tering efficiency.

[0023] The present invention is based on the observation
that, even in the absence of roughening surface 23, the amount
of light that is trapped between minor 25 and surface 29
shown in FIGS. 1A and 1B can be reduced by altering the
shape of surface 29 such that the angle of incidence, with
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respect to the normal, to a surface of a ray striking the surface
in a subsequent encounter is less than the angle of incidence
with which the ray struck the surface in a previous reflection,
and hence, the light can escape.

[0024] Refer now to FIG. 2, which is a simplified cross-
sectional view of part of a wafer including an LED 30 accord-
ing to one aspect of the current invention. LED 30 is con-
structed by depositing layers 21-23 on substrate 24, and
depositing a mirror layer 25, in a manner analogous to that
described above with respect to LED 20, but without neces-
sarily including any rough surface. The bottom surface 39 of
substrate 24 has a convex curvature. Consider ray 31. If the
bottom surface of substrate 24 were flat as shown at 33, ray 31
would have been reflected back into layer 21 as shown at 32.
Instead, ray 31 strikes the curved surface of substrate 39 at
point 34a. The curvature of substrate 24 at this point results in
an angle of incidence of ray 31 that is less than the critical
angle, and hence, ray 31 escapes.

[0025] Now consider ray 37 which leaves active layer 22 at
normal incidence to layers 22 and 21. This ray would nor-
mally escape from an LED with a planar surface that is
parallel to layer 21. However, ray 37 strikes surface 39 at an
angle 35 that is greater than the critical angle at point 345, and
hence, is reflected and strikes surface 39 at point 34¢. Surface
39 is chosen such that the angle of incidence 36 at which this
ray strikes surface 39 is greater than angle 35, and hence, this
ray also escapes from substrate 24.

[0026] In general, surface 39 is chosen such that a ray that
is initially reflected from surface 39 due to internal reflection
subsequently strikes surface 39 at an angle that is less than the
critical angle to surface 39 at that point on surface 39. The
reflection at which escape occurs may be the next reflection or
a reflection that takes place after a number of reflections from
surface 39 and/or the other surfaces of LED 30 such as mirror
25 or the end surfaces of layers 21-23. In one aspect of the
present invention, surface 39 is a non-spherical convex sur-
face. For example, surface 39 could be an approximately
parabolic surface.

[0027] Refer now to FIGS. 3 and 4A-4F, which illustrate
one method of fabricating an LED according to the present
invention. FIG. 3 is a flow chart for the method, and FIGS.
4A-4F are cross-sectional views of a portion of a wafer at
various points in the fabrication process. The process starts
with the deposition of the conventional three-layer LED
structure 43 on a sapphire substrate 44. The top layer of
structure 43 is covered with a mirror layer 45 and then a layer
of photoresist is deposited on substrate 42 as shown in FIG.
4A and step 301. At step 302, shown in FIG. 4B, the photo-
resist layer is patterned to create islands 42A and 42B, at
positions corresponding to the desired convex structures. In
the portion of the wafer shown, two structures are to be
formed, one for each of two adjacent LEDs.

[0028] At step 304, shown in FIG. 4C, heat is applied, to
allow the photoresist to soften and flow. After the heat is
removed, surface tension forces cause a reshaping of the
photoresist islands. If the photoresist islands are allowed to
become completely molten, a substantially convex surface is
formed at each island as shown at 47A and 47B in FIG. 4D.
The magnitude and temporal profile of the heat application
may be chosen to achieve a particular desired surface profile.
[0029] The photoresist pattern is then transferred to the
underlying substrate by etching the photoresist layer and
underlying substrate as shown at step 305, and FIG. 4E. Ion
beam milling can be utilized for the etching process. Those
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portions of substrate 44 that are covered by photoresist are not
etched until the overlying photoresist layer has been removed
by the ion beam. Hence, convex surface areas 49A and 49B
remain at the end of the etching process as shown in FIG. 4F.
[0030] The height profile of the resulting structure in the
substrate depends both on the profile of the photoresist and on
the relative selectivity of the ion beam etching process. If the
ion beam process etches the underlying substrate at substan-
tially the same rate as the photoresist, the pattern in the
photoresist will be transferred to the substrate such that the
convex sections have substantially the same height as the
corresponding structures in the photoresist layer. If the ion
beam etch attacks the photoresist more rapidly than the sub-
strate, a pattern having the same shape, but with a reduced
height will be created.

[0031] The generation of the convex structures is per-
formed at the wafer scale, and hence, does not substantially
increase the cost of the LEDs. In this regard, it should be noted
that the substrate is often thinned in conventional processing
systems to facilitate the separation of the wafer into indi-
vidual dies. In the case of a sapphire substrate, the dies are
separated by scoring the wafer at the desired locations and
then breaking the wafer. To provide reliable separation, the
wafer is typically thinned to a thickness of about 100 microns
prior to the scribing and breaking process shown at 306 in
FIG. 3. Since the wafer will be scribed at the locations
between the dies, i.e., the areas in which the convex structure
has the least vertical thickness as shown at 51 in FIG. 4F, no
additional thinning is needed to separate the dies.

[0032] In the above-described embodiments, the convex
structure is fabricated at or near the end of the wafer process-
ing that produces the final LEDs. However, embodiments in
which the convex light extraction structures are fabricated
before the deposition of the LED layers could also be con-
structed. Inthis case, the entity that provides the wafers would
provide wafers with the light extraction features already in
place. The LED manufacturer would only need to generate
the LED related structures in a manner that is properly aligned
with the convex structures. As the wafers will be thinner
during the conventional processing, the wafers can be bonded
to a carrier that provides the requisite resistance to breaking
during processing.

[0033] It should be noted that the convex light extraction
surface is constructed from the substrate, and hence, has the
same index of refraction. Thus no new interfaces between
layers having different indices of refraction are created. Prior
art schemes that utilize a convex surface for extracting light
rely on coupling large convex lenses to the LED and typically
utilize materials with substantially lower indices of refraction
than sapphire or the materials from which the LED layers are
constructed. To be effective, the lens must be located at some
distance from the LED and be several times larger in diameter
than the LED. As a result, the lens must be individually
created or attached at the packaging stage of the light source
assembly. This increases the cost of the resultant light
sources.

[0034] It should also be noted that the lens must have a
diameter that is many times that of the LED, and must be
placed some distance from the LED so that any ray that leaves
the LED strikes the curved surface at an angle that is less than
the critical angle. This places a lower limit on the size of the
light source that is unsatisfactory for some applications.
[0035] In addition, the space between the LED and the
curved surface is filled with a material with a relatively low
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index of refraction compared to the LED layers. This results
in a planar boundary between the LED and the light extraction
lens in which the boundary separates two regions of different
indices of refraction. Hence, some of the light will be
reflected at this boundary back into the LED.

[0036] The present invention is particularly useful for
LEDs constructed from the GaN family of materials and other
material systems having high indices of refraction such as
Sapphire or Silicon Carbide. For the purposes of the present
discussion, the GaN family of materials will be defined to be
AlGaN, InGaN and GaN. However, the present invention
may be applied to LEDs constructed from other families of
materials.

[0037] The above-described embodiments of the present
invention have been provided to illustrate various aspects of
the invention. However, it is to be understood that different
aspects of the present invention that are shown in different
specific embodiments can be combined to provide other
embodiments of the present invention. In addition, various
modifications to the present invention will become apparent
to those skilled in the art from the foregoing description and
accompanying drawings. Accordingly, the present invention
is to be limited solely by the scope of the following claims.

1. A device comprising:

a substrate having a first surface and a second surface, said
second surface comprising a curved, convex surface
with respect to said first surface of said substrate;

a first layer overlying said first surface, said first layer
comprising a material of a first conductivity type;
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an active layer overlying said first layer, said active layer
generating light when holes and electrons recombine
therein; and

a second layer comprising a material of a second conduc-

tivity type, said second layer having a first surface over-
lying said active layer and a second surface opposite to
said first surface, said substrate being transparent to light
generated by said active layer.

2. The device of claim 1 wherein said first layer, said
second layer, and said active layer comprise materials from
the GaN family of materials.

3. The device of claim 1 wherein said substrate comprises
sapphire.

4. The device of claim 1 wherein said curved convex sur-
face is chosen such that a light ray generated in said active
layer that is initially reflected from said surface due to internal
reflection subsequently strikes said surface at an angle that is
less than the critical angle to said surface at that point on said
surface.

5. The device of claim 1 wherein said curved convex sur-
face is non-spherical.

6. The device of claim 1 wherein said curved convex sur-
face is substantially parabolic.

7. (canceled)

8. (canceled)

9. (canceled)



